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ABSTRACT Cardiac muscarinic receptors activate an
inwardly rectifying K1 channel, IK1Ach, via pertussis toxin
(PT)-sensitive heterotrimeric G proteins (in heart Gi2, Gi3, or
Go). We have used embryonic stem cell (ES cell)-derived
cardiocytes with targeted inactivations of specific PT-
sensitive a subunits to determine which G proteins are
required for receptor-mediated regulation of IK1Ach in intact
cells. The muscarinic agonist carbachol increased IK1Ach ac-
tivity in ES cell-derived cardiocytes from wild-type cells, in
cells lacking ao, and in cells lacking the PT-insensitive G
protein aq. In cells with targeted inactivation of ai2 or ai3,
channel activation by both carbachol and adenosine was
blocked. Carbachol-induced channel activation was restored
in the ai2- and ai3-null cells by reexpressing the previously
targeted gene and guanosine 5*-[g-thio] triphosphate was
able to fully activate IK1Ach in excised membranes patches
from these mutants. In contrast, negative chronotropic re-
sponses to both carbachol and adenosine were preserved in
cells lacking ai2 or ai3. Our results show that expression of two
specific PT-sensitive a subunits (ai2 and ai3 but not ao) is
required for normal agonist-dependent activation of IK1Ach
and suggest that both ai2- and ai3-containing heterotrimeric
G proteins may be involved in the signaling process. Also the
generation of negative chronotropic responses to muscarinic
or adenosine receptor agonists do not require activation of
IK1Ach or the expression of ai2 or ai3.

Muscarinic receptor agonists activate the cardiac muscarinic
K1 channel, IK1Ach, via pertussis toxin (PT)-sensitive hetero-
trimeric G proteins (the GiyGo family; see refs. 1 and 2).
Although cardiac muscarinic receptors can activate several G
proteins with different PT-sensitive a subunits in intact cells,
we do not know which G proteins in heart (Gi2, Gi3, or Go) are
actually involved in signaling to the K1 channel (1–3). Recon-
stitution studies have clearly demonstrated that the bg com-
plex is directly responsible for mediating channel activation (2,
4, 5), but in these studies nearly all combinations of bg tested
(except b1g1) were equally effective in stimulating IK1Ach. In
intact cardiocytes, it appears that only those bg complexes
released from PT-sensitive heterotrimers activate the channel
(1, 2). These observations have led to the suggestion that it is
the a subunit of the G proteins associated with the muscarinic
receptors that provides specificity to the signaling process (5).

To determine which of the PT-sensitive G proteins are
involved in IK1Ach regulation in cardiocytes, we have generated
a series of mutant embryonic stem cell (ES cell) lines with
targeted inactivations of specific G protein a subunits. The ES
cells undergo homologous recombination at high frequency,

making targeted gene inactivations practical (6). In contrast to
other means of achieving gene or protein inactivation (e.g.,
antisense expression or antibody injections), gene targeting by
homologous recombination allows clear confirmation of the
specificity and completeness of the gene inactivation. It also
allows analysis of responses in a genetically homogeneous
population of cells and generates a stable resource. Equally
important, by altering culture conditions, ES cells will differ-
entiate into a number of different cell types, including spon-
taneously contracting cardiac-like cells (6–11); this enables us
to examine the effects of different a subunit inactivations in
the specific cell type of interest.

The ES cell-derived cardiocytes have proven a valuable
model in studies of the developmental regulation of cardiac
gene expression (7), in analysis of chronotropic responses to
cardiac receptor agonists (8), and in studies of cell cycle
withdrawal by cardiocytes (9). These cardiocytes have also
been shown capable of repopulating myocardium after injury
(12). Electrophysiologic characterizations of the ES cell-
derived cardiocytes have confirmed expression of cardiac ion
channels, including the cardiac muscarinic K1 channel, IK1Ach
(10, 11). This is also the first cardiocyte model that readily
lends itself to genetic manipulation.

Our results show that inactivation of the genes encoding ai2
or ai3 in ES cell-derived cardiocytes blocked muscarinic re-
ceptor activation of IK1Ach but had no significant effect on
negative chronotropic responses. Regulation of IK1Ach appears
to specifically require expression of these ai subunits because
inactivation of ao or the PT-insensitive protein aq had no effect
on receptor-mediated channel activation. Identical results
were observed for the cardiac adenosine receptor that also
regulates IK1Ach and negative chronotropy through PT-
sensitive signaling pathways. These findings demonstrate that
two types of heterotrimeric G proteins, Gi2 and Gi3, are
required for receptor-mediated activation of IK1Ach in intact
ES cell-derived cardiocytes. Further, our data show that
generation of negative chronotropic responses to muscarinic
and adenosine receptors can occur in the absence of ai2 and ai3
and without activation of IK1Ach.

METHODS

Cell Culture. Undifferentiated D3 ES cells were routinely
cultured and differentiated as described (11, 13, 14). After 7 to
10 days of differentiation, single contracting cardiocytes were
prepared by collagenase digestion or clusters of contracting
cardiocytes mechanically separated from the surrounding cells
(10, 11). Experiments were performed only with spontane-
ously contracting cardiac-like cells.
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Gene Targeting and Isolation of Null Cell Lines. Inactiva-
tions of the genes encoding ai2 and ai3 were performed using
a single targeting construct approach as described (14, 15). The
targeting constructs for inactivation of ao and aq were engi-
neered using genomic clones isolated from a 129SVyJ library.
Successful gene targeting was confirmed by Southern blot
analysis of clones surviving the two-step selection protocol.

Analysis of a Subunit Transcripts in Mutant Cell Lines. For
analysis of ao expression, total RNA was prepared from 7- to
10-day-old differentiated cell populations and was analyzed by
Northern blot (20 mg of RNA per lane; see refs. 13 and 14).
Reverse transcription (RT)–PCR was performed using the
following primer pairs to discriminate between aq and the
closely related protein a11: aq, 59-GACCCTTCCTATCTGC-
CTACACAAC-39 and 59-GTTTTCCGCAGAAATA-
CAGTCCC-39; a11, 59-TCATCTTCAGGATGGTGGAT-
GTG-39 and 59-TGAGGAAGAAGGGACAGGACAGGA-
39. RT-PCR was performed using a Perkin–Elmer RNA–DNA
kit according to the manufacturer’s instructions except that RT
was carried out at 37°C for 15 min using 1 mg of total RNA
prepared from undifferentiated ES cells followed by PCR
amplification for 35 cycles of 95°C for 15 sec, 65°C for 30 sec,
and 72°C for 15 min.

Western Blot Analysis. Membranes were prepared as de-
scribed (13) except that 0.1 mM of phenylmethylsulfonylf luo-
ride, 1.0 mM of ethylene-diamine-tetra-acetic acid, 10 mM of
leupeptin, 1.0 mM of benzamidine, and 0.1 mgyml of aprotinin
were added to the homogenization buffer. After separation (20
mg of protein per lane) on 10% SDSyPAGE, proteins were
transferred to nitrocellulose, incubated with specific antibod-
ies [anti-ai3ya0 1:1000, Calbiochem; anti-ai1yai2 (ASy7) 1:1000,
NEN; and anti-bcommon 1:1000, Upstate Biotechnology,
Lake Placid, NY] and detected with the Pierce chemilumines-
cence system according to manufacturer’s directions.

Restoration of ai Expression. Null cells were transfected by
electroporation with 25 mg of an ai2 or ai3 cDNA expression
plasmid containing a colinear hygromycin or puromycin resis-
tance gene, respectively, as the selectable marker. All genes
were expressed from a phosphoglycerate kinase promoter (13,
14). Stable transfectants were isolated in 0.2 mgyml of hygro-
mycin or 2.0 mgyml of puromycin, clonally expanded; cDNA
expression was confirmed by Western blot analysis.

Electrophysiological Measurements. Whole cell K1 cur-
rents were recorded at ambient temperature using standard
voltage-clamp techniques (16). The recording pipette con-
tained 90 mM aspartate, 10 mM EGTA, 10 mM Hepes, 3 mM
Na-ATP, 0.1 mM GTP, and 6 mM MgCl2 (pH 7.3). The bath
solution contained 140 mM NaCl, 5.4 mM KCl, 5 mM Hepes,
10 mM glucose, 1.8 mM CaCl2, and 1.0 mM MgCl2 (pH 7.4).
Tetrodatoxin (30 mM) and nifedipine (5 mM) were added to
the bath solution to block the fast INa1 and ICa-L, respectively.
Currents were measured by the ramp voltage clamp method
with voltage applied from 2150 to 170 mV at a rate of 100 mV
per sec.

Single channel recordings were performed in a cell-attached
configuration (16) at 21–23°C using pipettes with a tip resis-
tance of 8–10 MV and seal resistance of .10 GV. Currents
were measured with an integrating patch-clamp amplifier,
filtered at 3 kHz, and analyzed with PCLAMP software. Bath
solutions contained 145 mM NaCl, 4.0 mM KCl, 0.5 mM
CaCl2, 0.5 mM MgCl2, 5.0 mM glucose, and 5.0 mM Hepes (pH
7.4). Pipette solutions contained 150 mM KCl, 1.0 mM CaCl2,
0.5 mM MgCl2, and 5.0 mM Hepes (pH 7.4). After stable basal
recordings were obtained, the recording pipette was perfused
with agonist-containing (10 mM carbachol or adenosine) so-
lution. In a few experiments K1 channel activity was monitored
in separate recordings either without (basal) or with agonist in
the pipette. Results obtained with this configuration were
identical to those obtained by pipette perfusion and the data
from the two experimental protocols were pooled.

To assess IK1Ach activation by guanosine 59-[g-thio]triphos-
phate (GTP[gS]), single channel recordings were performed in
an excised inside-out patch configuration (17).

Spontaneous Contraction Rates. Contraction rates were
monitored at 37°C as Ca21 transients after loading spontane-
ously contracting clusters of cells with the fluorescent indicator
(5 mM) fura 2-AM (18). After a stable basal recording was
obtained, carbachol or adenosine (10 mM) was applied and the
rate was monitored both visually and as transient changes in
fluorescence intensity. Basal rates of contraction were com-
pared with rates of contraction at peak inhibition after addi-
tion of agonists and results expressed as percent of the basal
rate (agonist treated at peak inhibitionybasal rate 3 100%).

RESULTS

Isolation and Characterization of Mutant Cell Lines.
Mouse D3 ES cells lacking expression of one of the PT-
sensitive a subunits ai2, ai3, ao, or the PT-insensitive protein
aq were generated by gene targeting with a single targeting
construct as described in Fig. 1. Previously, ai-null cell lines
were isolated using the CCE and CC1.2 ES cell lines (13, 14,
19). We retargeted these genes and targeted the ao and aq
genes in a single background, the D3 ES cell line, that
reproducibly undergoes in vitro differentiation.

After screening clones by Southern blot analysis for disrup-
tion of both alleles (Fig. 1), successful inactivation of the
targeted gene was confirmed (Fig. 2) by evaluating the cells for
protein (ai2 and ai3) or for transcript (ao and aq). Targeting of
the genes for specific a subunits had no effects on expression
of nontargeted ai2, ai3, or b subunits in ES cells (Fig. 2 A).
There appeared to be little ai1 and no detectable ao in the
undifferentiated cells. We also noted no compensatory
changes in the amounts of the other G protein subunits
detected on the blots.

Wild-type (WT) and mutant ES cells were then allowed to
differentiate in culture and spontaneously contracting cardio-
cytes isolated (11). All cell lines produce spontaneously con-
tracting cardiocytes by day 10 or 11, and the proportion and
morphologic appearance of the contracting cells was indistin-
guishable between WT and mutant cell lines.

Characterization of IK1Ach in ES Cell-Derived Cardiocytes.
Analysis of whole cell currents in cardiocytes derived from WT
ES cells (Fig. 3A) showed the characteristic stimulation of the
IK1 after perfusion of the chamber with the muscarinic agonist
carbachol (IK1 at 2140 mV: 0.23 6 0.01 nA basal vs. 0.74 6
0.05 nA carbachol, n 5 5, P , 0.001). This stimulation was
completely blocked by pretreatment of the cells with the m2
muscarinic receptor antagonist, methoctramine (Fig. 3B). In
ES cell-derived cardiocytes lacking expression of ai2 or ai3
(Fig. 3 C and D), carbachol did not substantially increase the
whole cell K1 currents (IK1 at 2140 mV: ai2-null 0.23 6 0.01
nA basal vs. 0.30 6 0.05 nA carbachol, n 5 4; NS and ai3-null
0.24 6 0.02 nA basal vs. 0.31 6 0.03 nA carbachol, n 5 3, NS).

We further characterized the single K1 channel activities in
the ES cell-derived cardiocytes using on-cell attached patches.
With this approach we verified expression of an inwardly
rectifying K1 channel consistent with IK1Ach (2, 11). A typical
current trace for WT cells is shown in Fig. 4 and demonstrates
low basal channel activity and a marked increase in channel
openings after perfusion of the patch pipette with the mus-
carinic receptor agonist, carbachol. The current–voltage (I–V)
relationship for this channel demonstrates inward rectification
at positive voltages and a slope conductance of 46 6 0.6 pS
(n 5 20) at 150 mM of extracellular K1. The absence of a
carbachol effect on channel conductance (43 6 1.0 pS, n 5 10,
with carbachol) or mean open time (0.58 6 0.05 msec, n 5 10,
basal vs. 0.52 6 0.04 msec, n 5 8, with carbachol) is charac-
teristic for IK1Ach and indicates that the increased channel
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activity noted in the presence of agonist results from an
increase in channel open state probability.

Identical electrophysiological parameters were obtained for
the K1 channels recorded from cardiocytes isolated from the
a subunit-null cells, thus confirming the presence of IK1Ach in

the mutant cell lines. Current traces and I–V curves for ai2- and
ai3-null cells are shown in Fig. 4. As with cardiocytes derived
from WT cells, single channel analysis of the ai-null cardio-
cytes demonstrated that carbachol had no effect on inward
rectification, conductance [ai2-null: 47 6 1.6 pS basal (n 5 6)
vs. 48 6 1.3 pS (n 5 5) carbachol; ai3-null: 44 6 1.9 pS basal
(n 5 5) vs. 42 6 1.2 pS (n 5 4) carbachol] or mean open time
[ai2-null: 0.45 6 0.08 msec basal (n 5 5) vs. 0.51 6 0.13 msec
(n 5 3) carbachol; ai3-null: 0.46 6 0.08 msec basal (n 5 4) vs.
0.45 6 0.10 msec (n 5 4) carbachol]. The conductance, mean
open time, and inward rectification were similar for channels
recorded from ao- and aq-null cells (data not shown). Resting
membrane potentials of cardiocytes derived from WT and
ai-null cells were in the same range (from 265 to 275 mV).

FIG. 2. Confirmation of a subunit gene inactivations in the mutant
ES cell lines. (A) Western blot analysis of membrane protein from
undifferentiated WT and a-null cells. (B) Northern blot analysis of
total RNA prepared from 7- to 10-day-old differentiated cells and
probed with a 1.1-kb NcoI–EcoRI fragment of ao cDNA containing
exons 3 through 8 revealed the presence of multiple transcripts in WT
cells but none in the ao-null cells. Non-specific binding to 18S and 28S
RNA was observed in all lanes. (C) RT-PCR of total RNA was used
to assess aq expression and expression of the highly related a11 gene
product. An aq product of the predicted size of 655 bp was amplified
only in WT cells while the control amplification for a11 detected a
product (predicted size of 589 bp) in both WT and the aq-null cells.

FIG. 3. Whole cell K1 currents from WT and ai-null ES cell-
derived cardiocytes are illustrated. (A) With WT cells a marked
increase from basal (a) current was seen after perfusion of the
recording chamber with (b) 10 mM carbachol. (B) Addition of the m2
muscarinic receptor antagonist (b) methoctramine (50 nM) did not
affect basal current (a) but blocked the subsequent stimulation by
carbachol (c). With ai2-null cells (C) and ai3-null cells (D) basal
currents (a) were similar to WT cells but did not substantially increase
after addition of carbachol (b).

FIG. 1. Targeting constructs for inactivation of ai2, ai3, ao, and aq and results of screening by Southern blot analysis. (A) Exon 6 of ai2 was
interrupted with a neomycin (neo) resistance cassette. The predicted change in the BamHI (B) restriction digest pattern (increase in size from 4.0
to 8.0 kb) when probed with the indicated gene fragment (shaded bar) is shown below the gene maps. (B Right) The confirmation on Southern
blot. For ai3, exon 1 was interrupted with a neo cassette and the ATG initiation codon for translation deleted. Southern blot analysis demonstrated
the predicted increase in fragment size (from 5.2 to 6.2 kb) with inactivation of the gene. (C) The targeting construct for inactivation of ao
interrupted exon 3 with a neo cassette resulting in a 1.2-kb increase in the BamHI fragment size after homologous recombination. This targeting
construct was designed such that both splice variants of ao would be eliminated. (D) For aq, exon 6 was interrupted with a neo cassette resulting
in a 1.5-kb increase in the XbaI (X) fragment on Southern blot. Endog, endogenous gene; HR, gene after homologous recombination; SKO, single
knockout, heterozygous mutant clone.
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Effect of a Subunit Gene Inactivations on Regulation of
IK1Ach Activity by Carbachol. Comparison of K1 channel
activity (expressed as NPo, where N is the number of current
levels observed and Po is the single channel open state
probability) among the cell lines revealed no significant dif-
ferences in basal NPo (Fig. 5A). With addition of carbachol,
channel activity increased approximately fourfold in the WT
and was unaffected by targeted disruption of the PT-sensitive
subunit ao or the PT-insensitive subunit aq (Fig. 5A). Pre-
treatment of WT, ao-null, and aq-null cardiocytes with PT (0.1
mgyml for 18 h) completely blocked stimulation of IK1Ach
activity by carbachol (data not shown). Both the basal- and
agonist-stimulated channel activity in the ES cell-derived
cardiocytes were in agreement with results reported for IK1Ach
activity in on-cell recordings of atrial cardiocytes from a
variety of species (20–23).

Rescue of ai-Null Cell Lines by Expression of the cDNA.
With cardiocytes derived from ES cells lacking ai2 or ai3, we
consistently found that carbachol did not increase channel
activity (Fig. 5A). To test whether the observed phenotypes in
the ai-null cells resulted from an unrecognized effect of the
selection process or an incidentally acquired mutation, we
examined the effect of restoring ai expression in null cells on
carbachol-induced channel activation. After stably reexpress-
ing ai2 in ai2-null cells (ai2-R) and ai3 in ai3-null cells (ai3-R)
(Fig. 5B), the rescued clones were differentiated and IK1Ach
regulation was examined (Fig. 5A). For both ai2- and in ai3-null
cells, reexpression of the previously targeted genes resulted in
a marked increase in carbachol-induced channel activation
(ai2-R NPo 0.15 6 0.02 vs. ai2-null NPo 0.04 6 0.01; ai3-R NPo
0.17 6 0.02 vs. ai3-null NPo 0.06 6 0.01). These results
demonstrate that the failure of carbachol to activate IK1Ach in
the ai-null cells is due to the absence of the targeted genes.

Regulation of IK1Ach by Cardiac Adenosine Receptors. Like
the muscarinic receptors, cardiac adenosine receptors that
activate IK1Ach also signal via PT-sensitive G proteins (2).
Expression of both receptor types in the same cell population

allowed us to compare the signaling requirements for IK1Ach
activation by these two receptor types. Interestingly, we found
an identical pattern of responses to adenosine in the null cell
lines. Adenosine-induced channel activation was unaffected by
targeting of ao, but was completely blocked by inactivation of
ai2 or of ai3 (Fig. 6).

Agonist-Independent Regulation of IK1Ach in Cardiocytes
Derived from ai-Null ES Cells. Addition of GTP[gS] to the
cytoplasmic face of excised inside-out patches from native
cardiocytes results in agonist-independent activation of IK1Ach,
presumably by nonspecifically activating G proteins and free-
ing bg complexes (2). Since reconstitution experiments have
failed to demonstrate specificity in channel activation by
different bg complexes, we reasoned that GTP[gS] should be
able to activate IK1Ach in the null cell lines if specific bg
complexes from Gi2 and Gi3 were not required and if the

FIG. 4. Single channel recordings of the inwardly rectifying K1

channel, IK1Ach, in WT, ai2-null, and ai3-null ES cell-derived cardio-
cytes. After stable basal recordings were obtained and single channel
activities at different voltages recorded, the pipette was perfused with
10 mM of carbachol. Holding voltages (in mV) are shown to the left
of the current traces. The I–V relationships for IK1Ach recorded in WT,
ai2-null, and ai3-null cells at 150 mM KCl in the absence (basal) and
presence of carbachol (10 mM) are similar as shown to the right of the
single channel current traces.

FIG. 5. Effect of a subunit gene inactivations on receptor-mediated
IK1Ach activation. (A) Comparison of IK1Ach activity expressed as NPo
before (basal) and after addition of carbachol (10 mM) in WT, a-null
cells, and ai-R cells in which the targeted gene has been reexpressed.
Bars are means 6 SE for 10–20 recordings for WT and ai-null cells and
4 to 5 recordings for ai-R, ao-null, and aq-null cells. (B) Western blot
of membrane protein from undifferentiated WT, ai-null cells, and ai-R
cells in which the targeted gene (ai2 or ai3) has been reexpressed
demonstrate the absence of protein in the null cells but significant
protein in the rescued (ai-R) cell lines.

FIG. 6. Adenosine’s effect on IK1Ach activation in WT and a-null
cell lines. IK1Ach activity was measured before (basal) and after
perfusion of the recording pipette with 10 mM adenosine. Bars are
means 6 SE for 5–8 recordings.
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channel itself was present and unaltered by the targeting
process.

As noted by others (2, 4, 24), we found that the basal channel
activity (NPo) for IK1Ach measured in an excised-patch config-
uration was lower than that measured in the cell-attached
patches (Fig. 7 compared with Fig. 5A). This most likely results
from differences in the composition of cellular cytoplasm and
the solution used in the excised patch mode. With addition of
100 mM of GTP[gS] to the bath solution, we observed an
identical increase in IK1Ach activity in the WT and ai-null cells,
clearly demonstrating that the channels are present in an
activatable state (Fig. 7).

The number of current levels observed with this mode of
single channel recording revealed that the density of IK1Ach
channels in membrane patches from ai-null cells was nearly
identical to that of the WT ES cell-derived cardiocytes (current
levelsypatch: WT, 2.0 6 0.3; ai2-null, 2.0 6 0; ai3-null, 2.0 6
0.3, n 5 5 separate patches for each cell type: '1.27 channels
per mm2 membrane area). Depending upon the species studied
and the method used to determine channel density in isolated
atrial patches, values ranging from 0.5 to 9.0 channels per mm2

have been reported (20, 23, 25).
Effect of ai-Null Mutations on Negative Chronotropic Re-

sponses. Slowing of cardiac contraction rate is a well recog-
nized effect of muscarinic and adenosine receptor agonists
(26); ES cell-derived cardiocytes exhibit typical chronotropic
responses to a number of agonists, including those for mus-
carinic receptors (8). We found that the negative chronotropic
response to carbachol was blocked in WT cells by pretreatment
with an m2 receptor antagonist, methoctramine (50 nM),
consistent with the responses being generated by the m2
receptor subtype (data not shown). We also confirmed that the
chronotropic response to carbachol in ES cell-derived cardio-
cytes, like that of native heart cells, is blocked by PT (Fig. 8).

In isolated clusters of contracting ES cell-derived cardio-
cytes, the basal rate of spontaneous contraction was 65 6 5
bpm (n 5 20) for WT cells and was not affected by inactivation
of the genes for ai2 (basal rate 66 6 7 bpm, n 5 19) or ai3 (basal
rate 58 6 5 bpm, n 5 14). Unlike IK1Ach regulation, both
muscarinic and adenosine receptor-mediated negative chro-
notropic responses were unaffected by the absence of ai2 or ai3

in the ES cell-derived cardiocytes. A 40–60% inhibition of the
spontaneous contraction rate was observed in WT and mutant
cell lines and with both agonists (Fig. 8). Targeting of ai2 and
ai3 also did not alter the PT-sensitivity of the negative chro-
notropic response to carbachol. Preservation of the negative
chronotropic responses confirmed that functional receptors
are present in the null cells and that PT-sensitive G proteins
are still involved in the signaling process.

DISCUSSION

Using ES cell-derived cardiocytes with targeted inactivations
of specific G protein a subunits, we have shown that expression
of both ai2 and ai3 is required for muscarinic and adenosine
receptor-mediated regulation of IK1Ach in intact cells. Previous
studies of muscarinic receptor-G protein signaling mechanisms
have reported that either a single a subtype is required for
signaling as in the GH3 cells (27) or, more often, that there is
a preferred a subtype with other G proteins being able to
substitute with varying efficacy (28–30). The requirement for
the heterotrimers containing both ai2 and ai3 appears to be
characteristic of this signaling pathway to the muscarinic K1

channel because we observed an identical ai subunit require-
ment for activation of IK1Ach by both muscarinic and adenosine
receptors.

Recent data indicate that regulation of IK1Ach activity is
more complex than previously appreciated. The channel is a
large heteromultimer composed of at least two different
proteins, GIRK 1 (Kir 3.1) and CIR (GIRK 4 or Kir 3.4), both
of which possess bg binding sites (4, 31, 32). The stoichiometry
of bg binding required for channel activation in intact cardio-
cytes is not known. Recent studies with cloned subunits of the
channel expressed in Xenopus suggest that binding of bg
complexes at multiple sites on both GIRK1 and CIR are
required for maximal activation of IK1Ach (32). Interestingly,
several observations suggest that the muscarinic K1 channel
may also directly interact with G protein a subunits to enhance
the a subunit GTPase activity (for review, see ref. 2). Fur-
thermore, a recent report demonstrated that activated (GTP-
bound) as and ai1 (and perhaps ao) can inhibit bg-mediated
activation of IK1Ach in excised inside-out patches (33). The
significance of the ai1 effect is unclear as this PT-sensitive
subtype is apparently not expressed in heart (34).

It seems unlikely that functional differences between the bg
complexes contributed by the heterotrimers Gi2 and Gi3 ac-
count for the dual G protein requirement given that IK1Ach
activation in reconstitution studies exhibits little bg subtype

FIG. 7. Agonist-independent activation of IK1Ach by 100 mM of
GTP[gS] in inside-out patches excised from WT, ai2-null, and ai3-null
cells. Shown are typical current traces recorded before (basal) and
after addition of GTP[gS] to the bath solution. Activation of IK1ATP
was blocked by addition of Mg-ATP (200 mM) to the bath solution.
Quantitative estimates of channel activity expressed as NPo are shown
in the bottom panel. Bars are the mean 6 SE (n 5 5–6) before (basal)
and after addition of GTP[gS].

FIG. 8. The effects of carbachol or adenosine (both 10 mM) on the
spontaneous contraction rate of the ES cell-derived cardiocytes were
examined in isolated clusters of contracting cells. The effect of
pretreatment of cells with PT (0.1 mg/ml for 18 h) on carbachol-
induced slowing is also shown. Results are expressed as percent (%)
of basal rate calculated as (agonist treated/basal 3 100%). Bars are
means 6 SE for 9–25 paired measurements.
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specificity (2, 4, 5). Also, our data show that there is not an
absolute requirement for the specific bg complexes released
from Gi2 and Gi3 because GTP[gS] can fully activate IK1Ach in
the ai-null cells. It is possible that receptor activation of both
Gi2 and Gi3 is needed to release sufficient numbers of bg
complexes to activate the channel. Importantly, inactivation of
a subunits in the ES cell-derived cardiocytes did not lead to
unregulated activation of IK1Ach. This differs from the yeast
system where inactivation of the a subunit leads to constitutive
activation of bg regulated effectors (35). Our studies also do
not rule out a direct or indirect role for ai2 or ai3 in modulating
channel activity.

Failure of IK1Ach to respond to agonist is not due to an
absence of the channel in the ai-null cells since it is activated
by GTP[gS]. Nor does there appear to be an absence of
receptors given the retention of negative chronotropic re-
sponses to carbachol and adenosine. We also have evidence
(data not shown) that cells lacking both ai2 and ai3 modulate
whole cell Ca21 currents in response to carbachol further
supporting the presence of muscarinic receptors in the null cell
lines.

Results of our chronotropy studies show that for ES cell-
derived cardiocytes expression of ai2 and ai3 is not required for
the slowing of contractions in response to carbachol or aden-
osine. The negative chronotropic response is still sensitive to
PT in the mutants suggesting that other PT-sensitive G
proteins (i.e., Go) are more important or can substitute in this
signaling process. These studies do not rule out a role for IK1Ach
in generation of the normal negative chronotropic response.
Our results are consistent with data indicating that other
currents such as the hyperpolarization activated current, If, are
important contributors to the cardiac ‘‘pacemaker’’ current
(26). Interestingly, in reconstitution studies using cardiac nodal
cells, ao is reported to be a more potent modulator of If than
are the ai subunits (36). Regulation of contraction rate is
clearly a complex process and will require more detailed
studies to precisely define G protein signaling requirements for
the relevant effectors.

We show that muscarinic receptor-induced activation of
IK1Ach in intact cells requires expression of two specific PT-
sensitive G proteins, ai2 and ai3. The simplest explanation for
this observation is that both Gi2 and Gi3 are involved in signal
transduction to IK1Ach and that in their absence the other G
proteins are not able to substitute. Additional studies with
intact cardiocytes are needed to determine whether both
heterotrimeric Gi2 and Gi3 do in fact contribute bg complexes
that activate IK1Ach and whether there are additional regula-
tory effects transmitted by specific a subunits. These studies
also illustrate the usefulness of ES cell-derived in vitro differ-
entiated cells for signaling studies.
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